Trench-outer rise earthquakes occur by reactivation or creation of normal faults caused as the oceanic lithosphere approaches a subduction zone and bends into the deep-sea trench. These faults may cut deep enough into the mantle to allow sea water to penetrate into the lithosphere, causing serpentinization. The amount of water carried into the mantle is linked to the maximum depth that the tensional faults cut into the lithosphere, which in turn is directly linked to the maximum focal depths of outer rise normal faulting earthquakes.
I N T RO D U C T I O N
Earthquakes in the trench-outer rise of subduction zones are inherently related to plate subduction. Chapple & Forsyth (1979) proposed a model in which outer rise earthquakes are a consequence of plate flexure, while the lithosphere is bent into the trench. Their model suggests that the uppermost lithosphere behaves as a thin elastic plate and that downward flexure at the subduction zone leads to a tensional regime at the top of the plate, grading into a compressional regime at the bottom. Global compilations of earthquake mechanisms based on waveform inversion support this model, as normal faulting events characterize the uppermost 25 km of the incoming lithosphere while thrust faulting and hence compressional fault behaviour occurs at greater depth (e.g. Seno & Gonzalez 1987; Seno & Yamanaka 1996) . However, the energy released by great outer rise events, like the 1933 Sanriku M s = 8.3 earthquake, suggest that fracturing took place over almost the entire thickness of the lithosphere, thereby precluding the possibility that such events merely represent a surface tensile crack due to the flexure of the downgoing plate (Kanamori 1971) . Such large-scale lithospheric faulting is presumably due to a gravitational pull exerted by the cold sinking lithosphere (Kanamori 1971; Spence 1986 ).
Multibeam bathymetric coverage of the outer rise region support the view that the oceanic plate may become pervasively fractured prior to subduction (Masson 1991; Kobayashi et al. 1998; Ranero et al. 2003) . At the seafloor, faults have throws of up to 100-500 m and are often 10-50 km long (Kobayashi et al. 1998; Ranero et al. 2003) . Offshore Nicaragua, faulting and fault growth between the outer rise and the trench axis generate a prominent stairwaylike seafloor relief prior to subduction. The depth down to which the faults cut into the crust or mantle is poorly known, because the centroid depth of earthquakes is difficult to determine for shallow events in the ocean (e.g. Yoshida et al. 1992) , though depth phases and waveform modelling suggest that faults may cut often 30-40 km into the mantle (Spence 1986; Tichelaar et al. 1992) .
Growing evidence suggests that trench-outer rise earthquakes may open pathways for fluids into the crust and mantle that cause extensive hydration of the incoming plate prior to subduction and hence may affect the earth's water cycle. Some of these faults may cut deep enough into the lithosphere (Christensen & Ruff 1988; Hasegawa et al. 1994) to reach and react with the lithospheric mantle (Ranero et al. 2003) , changing 'dry' peridotites to 'wet' serpentinites, which contain up to 13 wt per cent of bound water. In consequence, outer rise processes may affect a number of subduction zone features, such as the location of the seismogenic coupling zone (Hyndman & Wang 1993) , the melt generation under volcanic arcs (Rüpke et al. 2002) and Wadati-Benioff earthquakes (Meade & Jeanloz 1991; Kirby et al. 1996; Ranero et al. 2005) .
While trench-outer rise earthquakes for many areas have been studied elsewhere (Chapple & Forsyth 1979; Forsyth 1982; Seno & Gonzalez 1987; Seno & Yamanaka 1996) , little is known from earthquakes along the Middle America Trench. In contrast, most recent studies on plate hydration associated with trench-outer rise processes concentrated their efforts on the subduction zone of Costa Rica and Nicaragua (e.g. Ranero et al. 2003; Grevemeyer et al. 2005 Grevemeyer et al. , 2007 .
In this study we present an investigation of seven outer rise events with M w > 5.5 that occurred between 1992 and 2004 at the Middle America trench. All events have been relocated using traveltime pick data. Centroid depth, focal mechanism, and rupture behaviour were determined from the inversion of body waves using broad-band data. We use these results to show that tensional outer rise events offshore Central America are very shallow with narrow fault plane. We link these results to seismic images published by Ranero et al. in the context of mantle hydration.
T E C T O N I C A L F R A M E W O R K A N D S E T T I N G
The Middle America Trench (MAT) extends from the Gulf of Tehuantepec to Panama. Earthquakes along the MAT clearly define a Wadati-Benioff zone of landward dipping seismicity where the Cocos plate subducts beneath Central America. The age of the incoming plate (Wilson 1996; Barckhausen et al. 2001) increases southwards from 11 to 25 Myr (Fig. 1) . The margin normal convergence rate increases from ∼40 to ∼88 mm yr −1 from Mexico to southern Costa Rica (DeMets & Dixon 1999) . The most prominent features entering the trench are the Tehuantepec fracture zone subducting under southern Mexico and the Cocos Ridge subducting under southern Costa Rica. The crust forming the Cocos plate was created at the fast spreading East Pacific Rise and the GalapagosNazca spreading centre. The suture between both domains is located offshore of Nicoya Peninsula (Barckhausen et al. 2001) . The study area, however, is located to the north of Nicoya Peninsula. Thus, all earthquakes studied here occurred in lithosphere created at the East Pacific Rise. Offshore of Northern Costa Rica and Nicaragua magnetic anomalies run parallel to the trench axis. To the north of Nicaragua, the trench axis bends and from El Salvador to Mexico magnetic anomalies are subducted at low angle.
High resolution multibeam bathymetry offshore of Nicaragua, El Salvador and Guatemala shows that bendingrelated faulting is pervasive across most of the ocean trench slope (Fig. 2) . Multichannel seismic (MCS) reflection data suggested that some of these faults may cut 20 km deep into the lithosphere, which may promote fluid flow down to mantle depth (Ranero et al. 2003) and may cause serpentinization of the mantle between the outer rise and the trench axis. Heat flow data obtained on the incoming plate off Nicaragua suggest that bending-related faulting reactivates a vigorous hydrothermal circulation system prior to subduction (Grevemeyer et al. 2005) and low seismic velocities occurring where MCS data image deep normal faulting suggest that sea water actually reaches down to mantle depth to cause serpentinization (Grevemeyer et al. 2007) . Furthermore, seismological data indicates that regional P waves from intraslab events at 100-150 km depth show high-frequency late arrivals, most likely trapped in a 2.5-6 km thick low-velocity waveguide at the top of the incoming plate. Such low velocities can best be explained by >5 wt. per cent of water in the subducted crust, which is two to three times the hydration inferred for other slabs .
DATA
We studied seven trench-outer rise earthquakes that occurred off Central America between 1992 and 2004. Magnitudes range from M w = 5.5 to 6.4 (Table 1) . Broad-band data for teleseismic waveform inversion were downloaded at the 'Incorporated Research Institution for Seismology' (IRIS) from IRIS-DMC's archive. Seismograms were chosen from the aspect of good azimuth coverage and good data quality. Here the latter simply means that the data is considered as of good quality if the P and SH wave is clearly distinguishable from the noise. The records were converted into ground displacement and a three pole low-pass filter (1 Hz) has been applied.
In addition to the waveform data we retrieved phase data from the 'National Earthquake Information Center' (NEIC) of the 'US Geological Survey' (USGS) to relocate the earthquake epicentres. The USGS uses and archives traveltime from a dense worldwide network of stations. However, the distribution of continents and ocean islands leaves a gap over the Pacific Ocean (Fig. 3) .
R E L O C AT I O N
Automated teleseismic event locations often come with large uncertainties due to timing errors, phase misslocation (Lomax et al. 2000) or limitations of the algorithms, in particular for shallow earthquakes (McGinnis 2001) . Earthquake catalogues such as Engdahl & Villaseor (2002) or NEIC/PDE (http://neic.usgs.gov/neis/epic/) have different locations. However, for the following moment tensor inversion, the computation of Green's function is indispensable and sensitive to the epicentre-station distances. Therefore, events were relocated using the NonLinLoc-Package from Lomax et al. (2000 Lomax et al. ( , 2001 to yield probabilistic event locations. NonLinLoc is a non-linear traveltime calculation code that produces an optimal hypocentre, a misfit function and an estimate of the probability density function from arrival times of seismic phase data using a systematic 3-D grid search.
The phase data together with a 1-D, spherically-layered traveltime grid, which was created for each phase type at each station using Engdahl & Villaseor (2002) and NEIC/PDE, is excellent. Epicentres from these catalogues lie throughout into the 90 per cent-confidence ellipse ( Fig. 2) , which gives the area in which the epicentre is located with a likelihood of 90 per cent.
M O M E N T T E N S O R I N V E R S I O N
To determine focal mechanisms from seismic broad-band data, we used a time-domain iterative inversion method developed by Kikuchi and Kanamori that allows mechanism changes during the rupture sequence. The method is explained in detail elsewhere (Kikuchi & Kanamori 1982 , 1986 , 1991 Kikuchi & Ishida 1993) .
Focal mechanism solutions, like Global CMT or Harvard CMT, are often based on the simplification that a rupture process can be considered as a single point source. This approach allows to determine the overall fault mechanism, but may fail to reveal more complex rupture behaviour. For complex rupture and slip distribution it is more appropriate to describe the source process as a sequence of point sources (subevents), each specified by a moment tensor and its onset time and location (Kikuchi & Kanamori 1991) . In this case the overall moment tensor M is a linear combination of-in the most general case 6-elementary moment tensors M n :
with the coefficients a n . Let x j (t) denote the jth observed record and ω jn (t, p) the Green's function due to the nth elementary moment tensor M n , where t is the time and p is a parameter that represents both, the onset time τ and the location of the point source.
May y j (t, p) represent the synthetic waveform
whereas the coefficients a n and the parameter p can be obtained from the maximization of the correlation function between the observed and the synthetic waveforms
where N s is the number of used seismograms (Kikuchi & Kanamori 1991) . Eq. (3) can be maximized via a grid search over all values of p, in which for the computation of overall fault mechanism and depth of a single point source p just represents the onset time τ and the depth z. Later, for the calculation of subevents, p will contain the locations l of the point sources as well.
To demonstrate this inversion procedure we will consider the event 062904B as example, for which we selected 21 vertical components of P waveforms and eight horizontal components of SH waveforms (Table 2 ). Fig. 3 shows the distribution of the stations with good signal-to-noise ratio. The coverage is good in the north, but poor in the south, which has been a common problem in this study. Moreover, the number of stations for waveform inversion is much more limited then for the phase data. This has different reasons. First, not all stations listed in the USGS NEIC catalogue operate broad-band sensors. Second, in most seismograms it might indeed be possible to pick first arrivals, but the signal-to-noise ratio might be too poor for waveform modelling. Furthermore, since more stations require more processing time, it is not useful to pick more than a few representative stations out of a 'cluster', like for northwest America or Europe. Further, we applied weight-factors on each station (Table 2) in order to 'down weight' cluster of stations and stations with poor waveform data.
The first step is to determine the representation of the overall fault mechanism in the elementary moment tensors and the depth of a single point source. Therefore, we computed Green's functions for eight discrete depths of 5-35 km under seafloor with an equal spacing of 5 km beneath the epicentre. We used an increment of 5 km, because, with a sampling interval of 1 s, the minimum depth increment to be resolved by depth phases such as pP and sP is 2-3 km (Kikuchi & Ishida 1993) and since the coverage of stations shows large gaps, a maximum resolution of 5 km in depth reflects the error of the assessment. The obtained depth might vary from the hypocentre depth, which has been calculated in the relocation process, since the latter only gives the point of the first motion and the former may give the centroid depth of the entire fault motion (Yamanaka & Kikuchi 2003) . The Green's functions were computed using Kikuchi & Kanamori's method (1982 , 1991 . The near-source structure model used to compute theoretical waveforms is given in Table 3 . It is a four-layer structure based on results from seismic refraction and wide-angle data (Grevemeyer et al. 2007) . Again, the ak135 1-D TravelTime Tables (Kennett et al. 1995) have been used as earth model. Now, the overall fault mechanism is calculated by applying only a single point source together with a broad source time function (Kikuchi & Kanamori 1991) , for which we assumed a triangle function with a duration of 15 s. Basically, this method leads to a Centroid Moment Tensor (CMT). These CMTs and the scalar moments, which we obtained with this method are shown in Table 4 for all events. Table 5 gives the corresponding fault mechanisms.
Seismic reflection data and bathymetry image that the bendingrelated faults dip ∼45
• trenchwards with a strike of ∼120 • -130
• (Ranero et al. 2003) , thus a distinction between fault and auxiliary plane could be done (e.g. for the event 062904B we established two solutions, one with a strike of 323
• and a dip of 49
• and one with a strike of 136
• and a dip of 41
• . The latter solutions meets the results of Ranero et al. suggesting that the former is the auxiliary plane). Thus, the overall mechanisms are similar to the Harvard CMT solution (Table 5) . Fig. 4 illustrates the determination of the centroid depth for the event 062904B. The best waveform match was obtained for a depth of 15 km. Table 5 shows these depths for all events.
S U B E V E N T S
As indicated before, the complex rupture of a teleseismic event usually cannot be described by one point source alone, but by a sequence. Each point source is called a subevent.
To identify subevents we used a refined depth grid (Fig. 5 ) of nine discrete depths with a spacing of 2.5 km and a dip according to Table 4 , where the centroid depths from Table 2 represent the central point of the grid. The nine gridpoints had a spacing of 10 km Kanamori and Given (1981) . For each event, the first row gives the fault plane and the second one the auxiliary plane. on a line in strike-direction (see Table 4 ) to determine the subevents locations. This approach is based on the assumption that the entire rupture takes place on a plane which is equal to the CMT fault plane, so that all subevents will take place on a planar fault corresponding to the overall fault mechanism. This limitation is a consequence of the inversion code of Kikuchi and Kanamori, which does not allow a 3-D grid search for subevents (which then could determine the fault plane). The number of possible solutions would be too large and hence introduce instabilities. Therefore, some additional information about the rupture process are required (Kikuchi & Kanamori 1991) . Now, an iterative procedure is executed, that introduces in every iteration a new subevent with an onset-time τ i (time t and τ i are discrete values with the increment of the sample rate), represented by a term a ni ω jn (t, p i ), which maximizes the correlation function i (eq. 3), where i denotes the ith subevent [i = 1, . . . , N i ; N i = Number of subevents (iterations)], so in every new iteration i the observed record x j (t) in eq. (3) is replaced by a 'new' record
which then is used as input for the next iteration. The number of iterations after which a decrease in the residual is not observed determines the number of subevents. Fig. 6 illustrates the procedure for event 062904B. A single event cannot satisfy the observed waveform. The source time function must be very wide to explain the magnitude, which leads to a too wide and prominent first motion. Additionally, later peaks in the observed data cannot be explained. Four iterations are needed to satisfy the records. Additional iterations would not improve the least-square fit. The final results for 062904B are shown in Figs 7 and 8. The comparison of the observed and the synthetic waveforms shows a high degree of concordance (Fig. 7) .
The total fault mechanism, which is now the sum of all subevents, changes only slightly (Table 5 ). The total seismic moment is M 0 = 3.49 × 10 18 N m or M w = 6.3, which is consistent with the Harvard CMT solution. With time, however, the focal mechanism is changing from normal faulting to strike-slip.
R E L O C AT I O N O F S U B E V E N T S
As discussed previously, the inversion code of Kikuchi and Kanamori only allows 2-D grid searches for subevents. To avoid this limitation, we used the NonLinLoc code to recalculate the location of the subevents in a 3-D grid search. The first arrival observed at station j is associated with the first subevent i = 1. It's onset time can be randomly set to τ 1 = 0. Every following subevent i with the onset time τ i will occur at the time (τ 1 + τ ij ) = τ ij at station j, whereas τ ij most likely will differ from τ i , since the locations of the point sources are shifting with the rupture process.
Knowledge of the τ ij for every station j and the azimuths and distances of the stations is already enough to calculate a location relative to the first subevent.
The moment tensor inversion provides us with synthetic waveforms for every station including the first arrival of every considered subevent. Admittedly, these first arrivals are the best-fit result of eq. (3), not the best-fit for every single station.
Instead of maximizing eq. (3), one can also obtain the coefficients a n and the parameter p from the least-squares criterion
As discussed above, a moment tensor solution does not depend on the particular grid, so we can presume that a ni for all subevents are given by the inversion process and now solve eq. (5) independently for every summand
Here x j stands for the observed seismogram subtracted by the contributions of subevents 1, . . . , i − 1. Note, that the Green's function here is just a function of time t and onset-time τ , since we assumed all source parameters, as source time function, near source structure and source depth to be fixed and the same as in the inversion. Hence, the relocation process here is a relocation of the epicentre only. Subsequently, we carried out eq. (6) for a range of τ ji , usually starting from τ ji = τ ji−1 to τ ji = τ ji−1 + 2τ i in steps of 0.5 s. Here, τ ji−1 is the onset time of the previous subevent at station j and τ i is the onset time of the subevent under consideration from the inversion process. Then, the lowest value of ji determines τ ji for subevent i and station j. An example is given in Fig. 9 .
This method leads to different onset-times for every station and subevent, which we used as picks to calculate a location relative to the first subevent for every subevent using NonLinLoc. The method is similar to the Master Event Method (e.g. Jackson & Fitch 1979) . The results are shown in Fig. 10 , the step size for the grid search has been 0.01
• in latitude and longitude.
R E S U LT S
We relocated hypocentres for seven events from the trench-outer rise offshore of Central America using phase time data (Table 1) . Epicentre locations are thorough, error ellipses are small and results from other catalogues mostly lay within these ellipses (Fig. 2) . However, the phase time data included only few picks from surface reflections such as pP, sP, etc., since for shallow, large events recorded at teleseismic distances, it is almost impossible to distinguish between those and direct waves, which limits the depth resolution (e.g. Dziewonski & Anderson 1981) . The error margins that we obtained for the hypocentre depths are much higher than those for the epicentre parameters. Statistical errors are usually in the range of ±15 to ±50 km. Uncertainties given for the named catalogues are of the same order. A better method to estimate hypocentre parameters is to find the centroid depth of a point source by moment inversion and waveform modelling. Thus surface reflection are automatically included. The surface reflection of a shallow event arrives shortly after the direct wave. Although its first movement cannot be identified, its contribution to the waveform plays an important role in the inversion process. Fig. 4 illustrates that if one centroid depth minimizes the residual function, a change of ±5 km for this depth already leads to a significant increase of the residual. In consequence we estimate uncertainties for the centroid depths in Table 5 of ±5-10 km. However, hypocentre parameters in Table 1 and centroid depths in Table 5 coincide. Note that the hypocentre depth, which gives the location of the initial break and the centroid depth of the entire fault motion usually vary from each other. A good agreement between both depths could indicate a fault plane of small extension into depth.
Nevertheless, the calculation of centroid depths via waveform inversion may decrease uncertainties compared to location routines based on traveltime pick, but has its limitations since the calculation of an overall fault mechanism with a single point source cannot reflect the waveform data (normalized residual is usually > = 0.7, see Fig. 6 ) and disregards the details of the waveform.
More confident results are obtained from the determination of subevents. Here we used the depths from Table 4 as centroid points for a finer depth grid with a resolution of 2.5 km. Then, a grid search finds the locations for the subevents that lead to the best match between observed and synthetic waveforms. Assuming that the depths in Table 5 would be much to shallow, we would find subevents just on the lower gridpoints and we could not obtain a good residual (In general, < = 0.4 can be considered 'good'). Our results show subevents in the −5.0 to 5.0 km around the centroid depths, even though the depth grid ranges from −10 to 10 km. The normalized residuals are between = 0.29 for event 050599E and = 0.44 for event 091092C for a 50s-cutout counting from the first arrival, whereas the latter is the only one that exceeds = 0.4. Now, the location of the first subevent in chronological order is conform with the hypocentre, but a limitation of the used moment tensor inversion codes made it necessary to define a 2-D fault plane on which all subevents occur a priori. All attempts to use a 3-D grid search led to a non-convergent behaviour and introduced instabilities. In order to deal with this problem we used fault solutions for all Figure 8 . Final result of the 062904B-inversion process. The grid scheme is the same as in Fig. 5 . The letters beneath the focal mechanism diagram give the chronological order of the onset times of the subevents, the number above gives the depth relative to the centroid depth of 15 km (Table 5 ). In the down left corner the source time function is shown. point sources to determine arrival times for each subevent at each station. These arrival times we used to calculate precise locations of the subevents relative to each other.
D I S C U S S I O N
Teleseismic waveform inversion for earthquakes occurring in the Middle America Trench suffers from a gap in the distribution of stations in the Pacific ocean, and perhaps from the simplification introduced by a 1-D earth model. Nevertheless, we could demonstrate that all events in this area are very shallow and that rupture is propagating downdip in most cases.
It is interesting to note that the rupture sequences of all events but 061495B show a change in mechanism from normal faulting to strike-slip or oblique thrusting. This feature, however, is a robust result and not introduced by the inversion procedure itself. Fig. 11 illustrates the results of a test. The inversion code by Kikuchi and Kanamori allows mechanism changes but also has an option to fix the mechanism. For 062904B, we executed a run with a fixed mechanism for all subevents. The first three subevents we set to the obtained values from section 6 and the fourth and last subevent we set to the overall mechanism from Section 5 {[strike( ), dip(δ), rake(λ)] = (136
• , 41
• , −96 • )}. In both cases the onset-time of the fourth subevent is found to be 41 s after the first arrival. In Fig. 11 , we show observed and synthetic waveforms for the subevent, for a strike-slip (left-hand column) and a normal faulting mechanism (right-hand column). As one can see, the introduction of normal faulting leads to a clear difference between observed and synthetic data, while the strike-slip motion improves the fit.
Such a behaviour provides the possibility to estimate the dimension of the fault plane from the distribution of the point sources alone. Usually this is not possible, since a point source only represents the location of an initial break, but tells nothing about how much further the rupture propagates. In the present case five of the seven investigated earthquakes start to rupture downdip as normal faults and end as strike-slip (rupture in strike-direction) or thrustfaults (updip). Therefore, the distance in dip-direction between the shallowest point source and the deepest one gives an estimated for the rupture width. The distance in strike-direction between the two furthermost point sources provides an estimate for the rupture length, only in this case we do not know how much further the rupture continued. In consequence we obtain the minimum rupture length. Via the results from the relocation process for the subevents we find rupture widths of W = 5-10 km and minimum rupture lengths of L min = 25-50 km. The rupture width seems to be independent of the magnitude. In contrast, the largest event (082398C with M w = 6.7) shows the smallest minimum rupture length (L min = 25 km), which might confirm that the actual rupture length is much greater. The subsequent minimum aspect ratios are in the range of L min /W = 3-10. Table 1 . The letters beneath the focal mechanism diagram give the chronological order in which the subevents occurred and the number above gives the depth relative to the first subevent (A negative value means a shallower depth. All depth from moment tensor inversion). Focal mechanism diagrams in one row belong to the same event. Dowrick & Rhoades (2004) The left column shows the results of the inversion: a strike-slip subevent can explain the waveform. A neglect of possible changes of the focal mechanism with time and hence the assumption of a normal fault mechanism (consistent with the overall fault mechanism) for the fourth subevent cannot reflect the observed waveforms.
actual aspect ratios for events in this study might be much higher, fault planes of trench-outer rise events offshore Central America seem to be unusually long and narrow.
Accurate centroid depths (Table 5 ) derived from moment tensor inversion show values between 10 and 25 km below seafloor. (Only for the event 091092C a centroid depth of 30 km was found. However, this event shows also the highest uncertainty and is therefore excluded from the consideration). Combined with the narrow fault planes it follows that large outer rise events offshore Central America are restricted to the upper 15-30 km of the incoming plate.
Seismic images published by Ranero et al. (2003) suggest that faults offshore Nicaragua penetrate 10-15 km in to the mantle. Focusing on that area, we can easily estimate the maximum penetration depth into the mantle for those events, which occurred seawards the trench. In that case we only need to subtract the Moho depth of 5-6 km from the entire rupture depth, whereas the latter is given by centroid depths and width of the fault plane. Provided that the centroid depth is located at the upper part of the fault plane (which is unrealistic, since the centroid of the entire fault motion is rather located somewhere in the middle of the fault plane then at its edge), the maximum possible rupture depth can be calculated by adding the width of the fault plane multiplied with the cosine of the dip angle. Fig. 10 shows that two events (031594A and 061495B) occurred seawards the trench. Those events are also amongst the shallowest (Table 5 ) with centroid depths of 15 km, respectively, 10 km and dip angles of 46
• , respectively, 38
• . We did not use the dip angles from the CMT solution in Table 5 for this calculation, since those represent only an average over all dip angles of all subevent. An inversion involving a strong change of focal mechanism as it is the case for the 031594A event cannot provide a realistic overall dip angle. It seems a more appropriate choice to use dip angles of the main shock (the largest subevent) instead. For both events we find rupture plane widths of less than 5 km and in consequence that these rupture penetrate 8-14 km into the mantle. It might therefore be reasonable to hypothesize that seismically imaged faults (Ranero et al. 2003) coincide with the rupture plain of large outer rise normal fault events.
As mentioned in the introduction Chapple & Forsyth (1979) proposed a model in which the bending stresses in the incoming plate Figure 12 . Earthquake history for all seven events in this study. Grey focal mechanisms are 'Harvard CMT' solutions for teleseismic events, which occurred before events investigated in this study (black focal mechanisms after Tables 1 and 5). produce a tensional and a compressional region, both separated by a neutral nodal plane. They found an global average depth for the neutral plane of 30-40 km, whereas their investigation of one thrust event offshore Central America suggests a shallower tensional region. They argued that the lithosphere here is much younger and the plate likely much thinner. The focal depth, which they found for the compressional Middle America event was 19 km. This is in the range of the depth in which our inversions show the reported change of mechanism. It seems that the focal mechanism changes from normal (tensional) to strike-slip or thrust fault when the rupture front strikes the nodal plane. A large normal fault event that ruptures the surface may provide a pathway for sea water to penetrate the mantle as suggested by Ranero et al. (2003) , but a compressional regime could present a barrier. In consequence thrust faulting may occur at greater depth than any depth derived for the earthquakes in this study, but those fault may remain dry. Ranero et al. (2003) suggested that the reflectivity of bending-related faults is cause by hydration. Thus, dry compressional faults are perhaps not prominent in seismic reflection data. Christensen & Ruff (1983 , 1988 suggested a model in which the depth of the neutral nodal plane varies both temporally and spatially. They found that after a large underthrusting earthquake the coupling between the incoming and the continental plate can be weakened and tensional stress from slab pull is transferred to the outer rise. In Fig. 12 , we plotted events listed in 'Harvard CMT' which occurred before those in our study. All events are thrust fault events with focal depths shallower than 90 km. Most likely they are megathrust or interplate events, since earthquakes due to the dehydration of the incoming plate occur at greater depths (Green & Houston 1995; Kirby et al. 1996; Hacker et al. 2003) . This suggests that all events in this study occur after a partial decoupling of the incoming and the continental plate and therefore are slab pull related. In consequence the depth of the neutral nodal plane found in this study might be greater than it is after the occurrence of a large normal fault outer rise event or before a large thrust event. An interesting question is what would happen to sea water that penetrates during the rupture into a region that is tensional at present, but compressional afterwards. Would it be forced out? However, the good match between our estimation for the depth of the neutral plane and the depth down to which faults are seismically imaged (Ranero et al. 2003) suggests that almost the entire tensional regime as we see it during a normal fault rupture is hydrated.
0 C O N C L U S I O N
It has been shown that large trench-outer rise earthquakes offshore Central America occur at very shallow depths (<30 km). Strike and dip of these events are consistent with the geometry of the bendingrelated faults, as it is determined from seismic refraction data and bathymetry. Further, normal fault events at the trench-outer rise seem to occur after large thrust faults events and hence are expected to be related to slab pull.
The rupture processes of normal fault earthquakes is characterized by subevents; a change of the focal mechanism with time from normal fault to strike-slip was observed, provided that the rupture moved unambiguous downdip. This is best explained by a change of the stress field in the lithosphere, which might present the intersection between the upper, tensional and the lower, compressional area. This intersection, which approximately is located ∼8 to 14 km below the Moho, may also present a threshold for sea water to penetrate any deeper. This depth corresponds roughly to the depth of normal faults derived from seismic images (Ranero et al. 2003) .
This study presents seismological evidence for a hydration of the incoming plate in the Central American Subduction Zone and underlines existing seismic refraction and reflection data. In other subduction zones, where seismic images suggest hydration of the incoming mantle as well, for example, at the North Chile trench (Ranero & Sallares 2004) , the presented methods may provide further evidence for mantle hydration in these regions.
